Abstract Purpose: To estimate the maximum-tolerated dose (MTD) of erlotinib administered during and after radiotherapy, and to describe the pharmacokinetics of erlotinib and its metabolite OSI-420 in patients between 3 and 25 years with newly diagnosed high-grade glioma who did not require enzyme-inducing anticonvulsants. Experimental Design: Five dosage levels (70, 90, 120, 160, and 200 mg/m 2 per day) were planned in this phase I study. Dose-limiting toxicities (DLT) were evaluated during first 8 weeks of therapy. Local radiotherapy (dose between 54 and 59.4 Gy) and erlotinib started preferentially on the same day. Erlotinib was administered once daily for a maximum of 3 years. Pharmacokinetic studies were obtained after first dose and on day 8 of therapy. Mutational analysis of EGFR kinase domain, PIK3CA, and PTEN was done in tumor tissue. Results: Median age at diagnosis of 23 patients was 10.7 years (range, 3.7-22.5 years). MTD of erlotinib was 120 mg/m 2 per day. Skin rash and diarrhea were generally well controlled with supportive care. Dose-limiting toxicities were diarrhea (n = 1), increase in serum lipase (n = 1), and rash with pruritus (n = 1). The pharmacokinetic variables of erlotinib and OSI-420 in children were similar to those described in adults. However, there was no relationship between erlotinib dosage and drug exposure. No EGFR kinase domain mutations were observed. Two patients with glioblastoma harbored mutations in PIK3CA (n = 1) or PTEN (n = 1). Conclusions: Although the MTD of erlotinib in children with newly diagnosed high-grade glioma was 120 mg/m 2 per day, pharmacokinetic studies showed wide interpatient variability in drug exposure.
Whereas high-grade gliomas, in particular glioblastoma, represent >50% of all primary malignant brain tumors in adults, similar neoplasms arising outside the brainstem constitute only 10% of all primary brain tumors in children. 7 Like adults, the combination of maximum safe surgery, radiotherapy (RT), and standard chemotherapy has not improved the outcome of children older than 3 years with high-grade glioma (1) . Recently, the combination of RT and temozolomide followed by adjuvant temozolomide showed superior outcome compared with RT only in the treatment of adults with newly diagnosed glioblastoma (2) . Several studies have used temozolomide in the treatment of children with high-grade glioma; however, the results thus far have been disappointing (3 -6) .
New biological agents that inhibit relevant cellular targets have been used in the treatment of adults with high-grade glioma (7) . Although high-grade gliomas in children are biologically distinct from those in adults (8 -10) , abnormalities in the epidermal growth factor receptor (EGFR) pathway are prevalent in both age groups (9, 11, 12) . Although EGFR amplification is rare in pediatric high-grade glioma (9, 11, 13, 14) , these tumors commonly overexpress EGFR (9, 11) .
Erlotinib (Tarceva; OSI Pharmaceuticals, Roche, and Genentech), a small-molecule inhibitor of EGFR, is also an antiangiogenic agent. Although EGFR inhibitors, and particularly erlotinib, have shown benefit when combined with RT in preclinical models of glioblastoma (15, 16) , to our knowledge these studies have not been done in xenografts derived from pediatric patients. Several clinical trials showed modest activity of erlotinib in the treatment of adults with recurrent high-grade glioma (17) (18) (19) .
Therefore, we conducted this study to estimate the maximumtolerated dose (MTD) and to characterize the pharmacokinetics of erlotinib administered concurrently with and after RT in pediatric patients with newly diagnosed high-grade glioma.
Patients and Methods
Patients between ages 3 and 25 y with newly diagnosed high-grade glioma were eligible for this study. Additional eligibility criteria consisted of (a) interval between surgery and start of therapy V42 d; (b) performance score of z40; (c) adequate hematologic (absolute neutrophil count of z1,000/AL, platelet count of z100,000/AL, and hemoglobin concentration of z8 g/dL), renal (serum creatinine concentration of less than twice the institutional normal values for age), and hepatic (total bilirubin concentration of <1.5 times the institutional upper limit of normal, ALT of <5 times the institutional upper limit of normal, and albumin of z2 g/dL) function. Exclusion criteria consisted of (a) diagnosis of diffuse brainstem glioma, (b) diagnosis of secondary high-grade glioma, (c) presence of leptomeningeal metastatic disease, (d) use of enzyme-inducing anticonvulsants (EIAC), (e) use of other concomitant anticancer therapy, (f) presence of other significant concomitant medical problems, and (g) pregnant or lactating patients. Female patients of childbearing age and male patients of child-fathering potential had to agree to use safe contraceptive methods. For patients who were weaned off EIACs, at least 7 d were required between discontinuation of EIACs and start of erlotinib. Central histologic review of all cases was conducted by a neuropathologist (D.W.E).
Our institutional review board approved this protocol before initial patient enrollment and continuing approval was maintained throughout the study. Written informed consent for participation was obtained from patients or their legal guardians, and assents were obtained when appropriate.
Study design and treatment plan. This single institution study followed a standard phase I study design. The dosage of erlotinib was increased by f30% in each dosage level starting at 80% of the MTD in adults with solid tumors (20) . Five dosage levels were planned (70, 90, 120, 160, and 200 mg/m 2 per day). A traditional 3+3 dose escalation scheme was used to estimate the MTD. MTD was defined as the highest dosage level in which no more than one of six assessable patients had experienced dose-limiting toxicities (DLT). The DLT-evaluation period comprised the first 8 weeks of therapy. DLT was defined as any of the following toxicities attributable to erlotinib therapy: thrombocytopenia grade 3 and 4; neutropenia grade 4; or any grade 3 and 4 nonhematologic toxicity except for grade 3 diarrhea and grade 3 nausea and vomiting lasting V48 h in patients not receiving optimal supportive therapy, grade 3 skin rash, which did not affect normal daily activities, grade 3 fever or nonneutropenic infection, grade 3 seizures, grade 3 weight gain or loss, and grade 3 transaminase elevation that returned to grade 1 or baseline within 7 d. After enrollment of the first 4 patients on study, we also excluded as DLT grade 3 and 4 electrolyte abnormalities that resolved to Vgrade 2 within 7 d. Toxicities were graded according to the Common Terminology Criteria for Adverse Events version 3.0.
Erlotinib and local RT started on the same day except for three patients who were weaned off EIACs before the start of erlotinib. In the latter cases, erlotinib therapy was started within 6 d from beginning of RT. Three-dimensional conformal RT was delivered as 1.8-Gy fractions to a total dose of 59.4 Gy. The treatment volume encompassed the tumor bed, the surrounding residual T2-weighted signal abnormality, a 2-cm margin to account for microscopic disease, and a 0.3-to 0.5-cm margin to account for uncertainty in immobilization and patient's positioning. Whole brain RT was administered at a dose of 54 Gy for patients with >70% of the brain volume involved by tumor. Erlotinib was administered as 25-, 100-, and 150-mg tablets 1 h before or 2 h after meals once daily during and after RT. Maximum planned treatment duration was 3 y. The day 2 dose of erlotinib was held in patients undergoing pharmacokinetic studies. For patients not receiving erlotinib at the MTD, the drug dose could be increased once to the next dosage level if therapy had been well tolerated during first 6 cycles of therapy.
Radiologic evaluation consisting of brain and spine magnetic resonance imaging were done within 2 wk before enrollment on study. Brain magnetic resonance imaging was repeated 8 wk after start of therapy, and every 12 wk thereafter. Complete and partial responses were defined as complete disappearance and z50% reduction of tumor as measured by bidimensional measurements, respectively. Stable or improved neurologic findings for at least 6 wk on a stable or decreasing dose of corticosteroids were required in both instances. Progressive disease was defined as worsening neurologic findings attributed to tumor progression, and/or increase of >25% in bidimensional tumor measurements, and/or appearance of tumor in previously uninvolved areas and/or need of increasing doses of corticosteroid to maintain stable neurologic exam. Stable disease consisted of all other situations not defined above.
Pharmacokinetic studies. Blood samples for optional pharmacokinetic studies were obtained in consenting patients. Two milliliters of blood were collected in heparinized tubes before and at 1, 2, 4, 8, 24 (F2), 30 (F4), and 48 (F4) h after first dose of erlotinib, and before and at 1, 2, 4, 8, and 24 (F2) h after dose on day 8. Once collected, blood samples were centrifuged and the plasma was stored at -80jC until analysis. Pharmacokinetic analysis of erlotinib and its primary metabolite OSI-420 was done by high-performance liquid chromatography with tandem mass spectrometry (21) . The lower limits of quantification for erlotinib and OSI-420 were 10 and 1 ng/mL, respectively. The interassay precision during validation was <7% for both erlotinib and OSI-420 at all concentrations. Pharmacokinetic variables consisting of maximum plasma concentration (C max ), area under concentration-time curve during dosing intervals (AUC 0! 24 and AUC 0!48 ), and time to maximum plasma concentration (T max ) after day 1 and 8 of therapy were calculated using standard noncompartmental methods from the plasma concentration-time profiles of erlotinib and OSI-420.
Molecular and immunohistochemical studies. DNA was extracted from formalin-fixed, paraffin-embedded tissue using standard techniques. The entire PTEN coding sequence (exons 1-9), exons 1, 9, and 20 of PIK3CA, which contain hotspots for mutations, and exons 17 to
Translational Relevance
Although chemotherapy has been used in most clinical trials for children with high-grade glioma, no drug regimen has thus far stood out as particularly beneficial for these patients. Based on preclinical and clinical experience in adults with similar tumors, we report for the first time the results of a phase I study that used erlotinib during and after radiotherapy in children with high-grade glioma. We characterized the acute and chronic toxicities associated with erlotinib therapy.Within the context of a phase I study, we also did extensive pharmacokinetic and molecular studies. We observed preliminary encouraging outcome in a subgroup of our patients, particularly those with anaplastic astrocytoma. Therefore, the current study established a platform for future clinical trials to incorporate erlotinib in the treatment of high-grade glioma in children.
24 of EGFR, which encode its kinase domain, were evaluated using exon-specific PCR amplification with previously described primers (22 -24) . PCR products were purified from agarose gels using QIAEX II Purification kit (Qiagen) and direct DNA sequencing was done using Applied Biosystem 3730XL DNA Analyzers. All potential mutations were verified by reamplification from genomic DNA and direct sequencing of the mutated exon.
Unstained slides were available for immunohistochemistry in 21 cases. Immunohistochemistry was done for PTEN, phosphorylated AKT (p-AKT), and S6 (p-S6; #9559, 1:100; #9271, 1:50 and #2211, 1:100, respectively; Cell Signaling; ref. 25 ). Endothelial cells served as an internal positive control for PTEN. Brain tissue sections from Pten conditional knockout or control mice also served as positive and negative controls, respectively. Tumor lesions were considered positive if >25% cells were immunoreactive. Immunoreactivity was graded as strongly positive (++), weakly positive (+), or negative (-).
Statistical analysis. Progression-free (PFS) and overall survival (OS) were estimated according to the method of Kaplan and Meier (26) . SE estimates were calculated by the method of Peto et al. (27) . PFS reflected the interval between diagnosis and clinical and/or radiologic tumor progression, or death. OS was defined as the interval between diagnosis and death. Patients not experiencing an event were censored at their last follow-up date.
Results
Twenty-three patients were enrolled on study between March 2005 and June 2007. The patients' characteristics before start of therapy are shown in Table 1 . Three patients were older than 18 years at diagnosis. We retrospectively found that one patient had undergone placement of carmustine-loaded wafers before start of RT and erlotinib therapy at another institution; this patient was considered assessable for DLT evaluation. One patient harbored an anaplastic astrocytoma that originated in the brainstem and exophytically extended toward the left cerebellopontine angle.
Toxicities. Of three patients initially enrolled on the 70 mg/m 2 dosage level, 1 patient experienced grade 3 hypokalemia that was easily corrected with oral potassium supplementation. The protocol was then opened for three additional patients at the same dosage level. A second patient enrolled on the 70 mg/m 2 dosage level also developed easily 
* Four patients were treated before and three patients after the study was amended to exclude grade 3 and 4 electrolyte abnormalities that resolved to at least grade 2 within 7 d. c One patient was not assessable for toxicity because of early tumor progression. b These toxicities were not considered dose-limiting toxicities according to the study criteria.
x Dose-limiting toxicity. Table 2 provides a summary of significant toxicities during the DLT-evaluation period.
Chronic therapy with erlotinib has been well-tolerated. Treatment duration in our patients ranged from 6 weeks to 26 months. Eighteen and 12 patients have received treatment for at least 6 and 12 months, respectively. One patient with left thalamic glioblastoma developed a second neoplasm (rhabdomyosarcoma) outside the RT field within 6 months of start of therapy. One patient with a thalamic tumor died of intratumoral hemorrhage at the time of radiologic progression and after ventricular decompression due to hydrocephalus. Although the hemorrhage was definitely related to the surgical procedure, it could be possibly associated with erlotinib therapy. Other chronic toxicities included grade 1/2 indirect hyperbilirubinemia, grade 1 to 3 hypokalemia and hypophosphatemia, and grade 1 to 3 lymphopenia.
Pharmacokinetic studies. The results of the pharmacokinetic variables, which were obtained in 17 patients, are summarized in Table 3 . Although the calculated dose of erlotinib was rounded to the nearest 25 mg, the actual dosage administered to patients was within 12% of the prescribed dosage in all but 1 patient. The latter patient received erlotinib at the lowest dosage level and the actual dosage was 19% higher than the calculated dose. The AUC 0!48 (after first dose) and AUC 0!24 (day 8 of therapy) of erlotinib did not increase with increasing dosage (Fig. 1) . No correlation was identified between AUC 0!48 of erlotinib and OSI-420 normalized to dosage and patient age at diagnosis.
Molecular and immunohistochemical studies. One PTEN (R130*) and one PIK3CA (H1047R) mutation were identified in patients with glioblastoma. No EGFR kinase domain mutations were identified. Immunohistochemical analysis showed that the tumor containing a PIK3CA mutation expressed normal levels of PTEN. The tumor containing a truncating PTEN mutation showed loss of PTEN protein in tumor cells, whereas normal and reactive cells expressed PTEN (Fig. 2) . Both tumors showed elevated levels of p-AKT and p-S6, indicating activation of downstream effectors in the phosphatidylinositol 3-kinase (PI3K)/AKT pathway (Fig. 2) . However, elevated levels of p-AKT (19 of 19) and p-S6 (15 of 20) were also detected in tumors lacking mutations in PIK3CA or PTEN.
Outcome. No objective radiologic responses to therapy were observed. Disease stabilization was documented in 16 patients. Four patients have remained without evidence of disease after undergoing gross tumor resection at a median of 2.15 years (range, 1.5-2.2 years). Sixteen patients have already experienced tumor progression (Table 4 ).
The 1-year PFS and OS for all patients were 56% F 10% and 78% F 9%, respectively. The 2-year PFS and OS for all patients were 35% F 12% and 48% F 12%, respectively. The 1-year PFS and OS for patients with glioblastoma were 33% F 12% and 67% F 13%, respectively. The 1-year PFS and OS for patients with anaplastic astrocytoma were 75% F 14% and 86% F 12%, respectively.
Discussion
We have shown that erlotinib administered during and after RT at a dosage of 120 mg/m 2 per day is well-tolerated by pediatric patients with newly diagnosed high-grade glioma. The MTD reached in the current study is higher than the established MTD of erlotinib for children (28) and adults with recurrent solid tumors (20) , and equivalent to the MTD established for adults with recurrent high-grade glioma who did not receive EIACs (17) . Smoking or use of EIACs influence the pharmacokinetics of erlotinib by increasing its metabolism and, hence, the tolerance to therapy (17, 29) . None of our patients smoked or required EIACs during therapy. Unlike previous studies, we arbitrarily mandated a shorter interval of 7 days between discontinuation of EIACs and start of erlotinib. Of 9 patients who were weaned off EIACs before start of therapy; 5 discontinued EIACs <10 days before start of erlotinib. However, the DLT-evaluation period of 8 weeks in the current study was much longer than previous studies (17, 20, 28) . Therefore, we considered negligible the effect of previous use of EIACs on the evaluation of toxicities in the current study. We cannot elaborate on the influence of corticosteroids on the exposure to erlotinib because only 1 of 5 patients who received dexamethasone during initial pharmacokinetic studies went on to have repeat evaluation 2 weeks after discontinuation of corticosteroids; the clearance of erlotinib remained stable in this patient. The side effects of erlotinib observed in our patients were very similar to those reported in adults (17, 20) . Hypokalemia during erlotinib therapy had been previously described (30) ; however, hypophosphatemia had only been reported when erlotinib therapy was combined with other medications (31) . The mechanism of electrolyte abnormalities associated with erlotinib therapy is not clear. Like other pediatric phase I studies, we excluded electrolyte abnormalities as DLTs based on the lack of clinical significance of these toxicities and with the hope of reaching higher drug concentrations of erlotinib in the central nervous system with the use of higher dosage levels (21) . We also removed tolerable grade III skin rash as a DLT because of the reported better outcome of patients with other cancers who experienced this toxicity during erlotinib therapy (32) .
We were also able to assess the long-term side effects of erlotinib therapy in children because more than three-fourths of our patients have received therapy for at least 6 months. No significant long-term toxicities possibly associated with erlotinib therapy have been observed except for a second neoplasm and a fatal episode of intratumoral hemorrhage in the context of tumor progression. The short interval from start of therapy and the diagnosis of second neoplasm and its occurrence outside the RT fields suggest a reason unrelated to therapy; however, no evidence in history, physical exam, or molecular analysis of tumor samples supported a predisposition to develop a second cancer in this patient.
The results of our pharmacokinetic studies obtained at steady-state, the interpatient variability in the pharmacokinetic variables of erlotinib, and the ratio of erlotinib to OSI-420 exposure were similar to previously published data in adults (17, 20) . In the study of Prados et al. (17) , patients not requiring EIACs who received erlotinib at a dose of 200 mg per day had mean C max , T max , and AUC 0!24 of 1.44 Ag/mL, 1.8 h, and 21.2 Aġh/mL, respectively. We reported very similar results in patients who received erlotinib at 120 mg/m 2 per day, which is equivalent to an adult dose slightly above 200 mg. In the current study, no association was observed between the dosage of erlotinib and exposure. Likewise, Prados et al. (17) did not observe a relationship between the dose of erlotinib and exposure in patients treated with erlotinib alone.
Several studies have evaluated the relationship between molecular characteristics of high-grade glioma in adults and response to treatment with small-molecule EGFR inhibitors (33 -38) . Haas-Kogan et al. (34) showed that patients with glioblastoma whose tumors expressed high levels of EGFR and low levels of p-AKT responded better to erlotinib therapy. In another study, coexpression of EGFRvIII and PTEN was associated with better response of patients with high-grade glioma to EGFR inhibitors (36) . Unlike non -small cell lung cancer (22, 39) , EGFR kinase domain mutations are rarely found in high-grade gliomas in adults (33 -38) . Likewise, EGFR kinase domain mutations were not observed in our patients. Because the activity level of the PI3K/AKT pathway seems to influence the tumor response to EGFR inhibitors (34), we did an exploratory evaluation of two key regulatory genes (PIK3CA and PTEN) and three immunohistochemical markers (PTEN, p-AKT, and p-S6) of this pathway. Similar to previous studies (9, 13, 40, 41) , we showed mutations in either one of these genes in a subset of our patients with glioblastoma. Immunohistochemistry showed strong expression of p-AKT and p-S6 in the tumors bearing mutation in PIK3CA or PTEN, consistent with activation of the PI3K pathway. However, similar evidence of PI3K pathway activation was observed in the majority of tumors lacking detectable mutations in PIK3CA or PTEN, suggesting that the pathway is engaged by alternative mechanisms in this cohort of pediatric high-grade glioma. Despite our detailed molecular and immunohistochemical analysis in the context of a phase I study, no correlation was found between markers of PI3K/AKT pathway activation and response to the current therapy.
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